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The effects on surface morphology, crystal quality, and growth rate of undoped AlN layers grown on c-plane sapphire substrates due
to the changes in growth parameters, such as V–III ratio, N22H2 ratio, and growth temperature in LP-MOVPE are studied here. The
optimized growth process resulted in an almost ﬂat surface morphology with a signiﬁcantly reduced number of hexagonal pits ð3
107 cm2Þ and good crystalline quality having a rms value of roughness of 0.4 nm measured by atomic force microscopy and a high
resolution X-ray diffraction (HRXRD) FWHM value for (0 0 0 2) reﬂection of 200 arcsecs. The threading dislocation density of the AlN
layer is estimated approx. 109 cm2 from cross-sectional transmission electron microscopy (TEM) measurements. Additionally, these
optimized samples show a strong donor-bound exciton luminescence signal with a FWHM of 20meV. Furthermore, small period AlN/
GaN superlattice structures with excellent uniformity were grown, as proven by our HRXRD and TEM studies.
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Due to its wide direct band gap of approx. 6 eV and the
associated outstanding chemical and thermal stability, the
realization of high-quality AlN epitaxial layers can widely
extend the application ﬁeld of III–V nitride materials
versus high-temperature high-power applications, e.g.
high-power ﬁeld effect transistors, and opto-electronic
devices, particularly, UV diodes [1–3]. Furthermore, AlN/
GaN superlattice structures can be used in optical devices
operating at telecommunication wavelengths by exploitingg author. Tel.: +49 731 50 26195; fax: +49 731 50 26049.
s: sarad.thapa@uni-ulm.de (S.B. Thapa).
with Mattson Thermal Products GmbH, 89160
rmany.intersubband transitions between bound quantum well
states [4,5].
However, the growth of AlN having excellent crystalline
quality, smooth surface morphology, and good electrical
and optical properties—as required for device fabrica-
tion—is still a big challenge. In recent years, various
growth techniques have been reported by several groups
[6–10]. Nonetheless, still lot of ambiguities are prevailing in
the relation between basic epitaxial parameters, the
respective growth kinetics and resulting crystal quality of
AlN layers. In this article, we report the effects of the
variation of basic growth parameters in low-pressure
metalorganic vapor phase epitaxy (LP-MOVPE) on the
surface morphology, crystal quality, growth rate and
consequently on the luminescence spectra of the AlN
layers. After optimizing the AlN growth process, AlN/
GaN superlattice structures (SLS) were grown.
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Fig. 2. SEM image of a bulk AlN layer before optimization (top). Weak-
beam dark-ﬁeld TEM image after optimization (bottom).
22. Experimental procedure
Undoped layers of AlN, approximately 500 nm thick
were grown on c-plane sapphire substrates in an AIX
TRON AIX 200 RF LP-MOVPE system by using TMA
and NH3 as precursors and H2 as a carrier gas in N2 an
H2 gas atmosphere. The growth conditions of the AlN bul
layers were varied with respect to the N22H2 ga
composition, V–III ratio, and the growth temperatur
while keeping the growth pressure constant at 35mbar, th
lower limit of our system. The low-temperature AlN
nucleation layer was also optimized with respect to th
above mentioned growth parameters to obtain goo
quality of AlN bulk layer.
The surface morphology was analyzed by using atomi
force microscopy (AFM) and scanning electron micro
scopy (SEM). High-resolution X-ray diffraction (HRXRD
rocking curve measurements (with open detector) for th
(0 0 0 2) reﬂection were carried out to examine the crysta
quality of bulk AlN epitaxial layers. Low-temperatur
(8K) cathodoluminescence (CL) provided informatio
about the spectroscopic properties. Cross-sectional trans
mission electron microscopy (TEM) investigations wer
carried out to observe the defects on the sample.
Meanwhile, AlN/GaN (4 nm/4 nm) superlattice struc
tures (21 periods) were grown on 500 nm thick Al0:5Ga0:5N
buffer layer and capped with 40 nm thick Al0:5Ga0:5N. Th
HRXRD measurement of the o 2y scan (0 0 0 2 reﬂec
tion) was performed to verify the periodicity and TEM wa
used to examine the abruptness of the interfaces of th
SLS.d
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)3. Results and discussion
At the early stage of this study, our AlN layers exhibite
either random 3D nucleated growth features of roug
grains or columnar textures. Moreover, hexagonal pits o
varying size, depth and diameter (Fig. 1, left) are largel
observed. In the initial stage of the AlN layer growth, th
rearrangement of the atoms may form the columns. Th
high pit density on the surface is due to such column
protruding through the entire layer as shown in Fig.a
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Fig. 1. AFM image of bulk AlN layer before (left) and after (right)
optimization.(top). Similarly, the crystalline quality (as measured by th
FWHM of HRXRD) of the layers was much inferior.
When increasing the growth temperature from 1110 t
1170 C, substantial improvements of the surface quality o
the bulk AlN layers were observed. AFM measurement
have exhibited a remarkable reduction of the rms value o
the surface roughness from 21.5 to 1.5 nm, and a decreas
of the hexagonal pit density approx. from 4 1010 t
7 107 cm2. However, a further increase of the growt
temperature is restricted by system limitations. Surfac
transport of the atoms plays an important role i
determining the physical structure. Obviously, the elevate
temperature enhances the lateral movement of deposite
species resulting in a quasi 2D growth of AlN layers an
eventually reducing the pits [11].
One major problem in AlN growth is the parasiti
reactions between NH3 and TMAl in the gas phase, whic
can be minimized by reducing the reactor pressure
upstream positioning of the substrate on the suscepto
[12], and low ﬂow rates of both precursors during growt
[13]. Indeed, the FWHM value of the HRXRD (0 0 0 2
reﬂection decreases when lowering the V–III ratio. Thus,
low V–III ratio with low ﬂow rates of both precursors is a
eminent growth condition for crystallographic perfection
However, at a very low V–III ratio ðo500Þ, we observed
degradation of the surface quality with the occasiona
presence of cracks on AlN bulk layer. Furthermore, a
increased growth rate at very low V–III ratio may lead t
3D growth of the AlN which gives rise to inhomogeneou
lattice relaxation and generates threading dislocations [14
It was observed that the growth rate decreases with th
increase of N22H2 ratio (Fig. 3, left), while keeping th
total ﬂow constant. This may be caused by the lowe
diffusivity of the metalorganics in N2 than in H2 thu
decreasing the transport of group III species to th
substrate. Moreover, the increased amount of N2 decrease
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Fig. 3. Change in growth rate with respect to the N22H2 ratio (left). Low-
temperature CL spectra of a bulk AlN layer (right).
1x105
1x104
1x103
1x102
1x101
1x100
In
te
ns
ity
 (
a.
u)
SL-2
SL-1
SL+1
SL0
16.5 17.0 17.5 18.0 18.5
ω
a
b c
Fig. 4. HRXRD measurement of the o 2y scan (0 0 0 2 reﬂection) of
AlN/GaN superlattice (a). Dark-ﬁeld TEM image of the superlattice
structure (b). Dislocation loops are visible at the interface between buffer
layer (AlGaN) and SLS as well as in buffer layer. Bright-ﬁeld TEM image
of the superlattice structure (c). The brighter contrast within the
superlattice corresponds to AlN-layers, the darker one to GaN-layers.
3the substrate temperature [15] which also may explain the
decreasing growth rate. This result is somewhat contrary to
the observations made by other groups [16] in the high-
temperature GaN growth.
With all the above observations, the growth process was
ﬁnally optimized by decreasing the NH3 and TMAl ﬂow
rates to 250 sccm and 9mmol=min, respectively, and thus
apparently lowering the V–III ratio to 1200 at a higher
growth temperature of 1150 C. The ﬂow rate of N2 and H2
was kept at 3:1 and the total ﬂow in the reactor was kept
constant at 1700 sccm. Such optimized growth parameters
led to an almost ﬂat surface morphology with a signiﬁ-
cantly reduced hexagonal-shaped pit density of approx. 3
107 cm2 and good crystalline quality. Fig. 1 (right) shows
well ordered atomic steps on the surface of monocrystalline
AlN with only few hexagonal pits. We measured a strongly
decreased rms roughness of only 0.4 nm and an HRXRD
FWHM for (0 0 0 2) reﬂection of 200 arcsec. In such layers,
a threading dislocation density of approx. 109 cm2 from
cross-sectional TEM images using the weak-beam dark-
ﬁeld technique (Fig. 2, bottom) can be deduced. Only half
of the dislocations thread through the entire layer. The
ﬁnal growth rate of AlN layer was 235 nm/h.
The excellent crystalline quality is further conﬁrmed by
the observation of a strong near band edge emission at
 6 eV, as shown in Fig. 3 (right). A line-shape ﬁt of the
main peak reveals three lines, which could be assigned to
excitons bound to different neutral donors (D0X, lower in
energy) and a free exciton ðXAÞ recombination at 6 eV with
a FWHM of  20meV. This assignment was conﬁrmed by
reﬂection and temperature dependent CL measurements.
For layers grown at lower growth rates the intensity of the
near band edge luminescence increases. The intensity ratio
of the XA versus that of the D
0X suggests that the overall
dopant concentration content is low.
After having obtained the desired crystalline quality and
surface morphology of bulk AlN layers, AlN/GaN SLS
were grown on c-plane sapphire. Fig. 4(a) shows the
superlattice (SL) related satellite peaks in HRXRD
conﬁrming the good periodicity of the layers. The TEM
cross section studies conﬁrm the excellent uniformity andthe ﬂatness of the SLS structure. These excellent data have
also been conﬁrmed by SIMS. By analyzing TEM-bright-
ﬁeld image (Fig. 4(c)), we found that the interfaces of AlN
on GaN are sharper than those of GaN on AlN. Moreover,
as shown in TEM-dark-ﬁeld image (Fig. 4(b)) many of the
threading dislocations (TDs) coming through the
Al0:5Ga0:5N buffer layer are bent at the interface between
buffer layer and SLS which formed dislocation loops and
stopped there. The ﬁgure also shows some TDs threading
through the entire structure.4. Summary
Undoped AlN layers with high crystalline quality and
almost ﬂat surface morphology were grown on c-plane
sapphire substrates by LP-MOVPE. After optimization, we
achieved an rms value of the surface roughness of 0.4 nm,
and a HRXRD FWHM for the (0 0 0 2) reﬂection of
200 arcsec. The hexagonal pit density is reduced to 3
107 cm2 whereas the threading dislocation density is
estimated approx. 109 cm2 from cross-sectional TEM
measurement. Low-temperature CL spectra demonstrate
the good optical quality of the AlN layers. Consequently, it
was possible to grow AlN/GaN superlattice structures
having good periodicity and abruptness of the AlN/GaN
interfaces.
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